The aim of the study was to evaluate the metabolism of individual bile acids in patients with cholesterol gallstone disease. Therefore, we determined pool size and turnover of deoxycholic (DCA), cholic (CA), and chenodeoxycholic acid (CDCA) in 23 female gallstone patients classified according to their gallbladder function and in 15 healthy female controls. Gallstone patients had normal hepatic bile acid synthesis, but, depending on gallbladder function, differed with respect to turnover and size of the bile acid pools: Patients with wellemptying gallbladder (group A, n = 9) had enhanced turnover and reduced pools of CA (-46%; P less than 0.01 vs. controls) and CDCA (-24%; P less than 0.05), but normal input and size of the DCA pool. With reduced gallbladder emptying (less than 50% of volume; group B, n = 6), turnover and pools of CA, CDCA, and DCA were similar as in controls. Patients with loss of gallbladder reservoir (group C, n = 8) had increased input (+100%; P less than 0.01) and pool size of DCA (+45%; P = 0.07) caused by rapid conversion of CA to DCA, while the pools of CA (-71%; P less than 0.001 vs. controls) and CDCA (-36%; P less than 0.05) were reduced by enhanced turnover. Thus, in patients with cholesterol gallstones, the pools of primary bile acids are diminished, unless […]
Introduction
In most nonobese patients with cholesterol gallstones, the pools of cholic acid (CA)' and chenodeoxycholic (CDCA) are reduced (1) (2) (3) (4) (5) (6) , and deoxycholic acid (DCA) is often increased in bile (7) . Both changes could contribute to supersaturation of bile with cholesterol ( 1, 7, 8) : the diminution of the bile acid pools by reducing the mass of bile acids in the enterohepatic circulation (9) , the increase ofDCA by raising biliary secretion of cholesterol ( 10).
The small pools ofCA and CDCA may be caused by a small gallbladder reservoir ( 1 1), by enhanced turnover (2, 5) , or by inhibition of bile acid synthesis by an oversensitive feedback mechanism ( 1 2) or by elevated levels of DCA ( 13, 14) . An increased fraction ofDCA in bile could be caused by high input and large pool size of DCA. CA is nearly completely 7a-dehydroxylated to DCA by anaerobic bacteria in the colon (7, 15, 16) , but only 30-40% of this DCA is absorbed from the intestine ( 17 ) . The DCA pool could be expanded by increased input of DCA owing to increased synthesis ofthe precursor CA or to an increased fraction of CA transferred to the DCA pool.
It is still unclear which of the above factors account(s) for the reduction in CA and CDCA pool size and which for an increase in biliary DCA. Therefore, we studied the size and the turnover of the pools of CA, CDCA, and DCA in gallstone patients classified according to reservoir volume and emptying of the gallbladder.
Methods
Study subjects (Table I ). The study comprised 15 female controls with normal gallbladder function and 23 female patients with radiolucent gallbladder stones. All were Caucasians. The mean age and the mean body mass index of the control subjects were 34 yr and 23.09 kg/iM2, respectively, and ofthe gallstone patients 44 yr and 24.35 kg/im2. None was grossly obese (> 30 kg/im2) or had evidence of hepatic, intestinal, or renal disease, cholangitis, diabetes mellitus, or thyroid dysfunction. None had taken antibiotics, lipid-lowering drugs, or hormones within the last four weeks. Control subjects were 13 healthy, paid volunteers recruited among employees at the University Hospital (Munich) and two otherwise healthy patients, one with a gallbladder polyp and the other with polycystic liver disease.
All participants were classified according to the reservoir function and the emptying of the gallbladder. Gallstone patients with reservoir function (n = 15) showed on ultrasound normal wall echoes of the gallbladder, which was filled to < 30% (vol/vol) with stones; 13 of them had an opacified gallbladder on oral cholecystography, 2 had no cholecystography, but contracted the gallbladder in response to cholecystokinin (CCK). Emptying of the gallbladder was classified as normal, when on ultrasound ( 18) 2 50% of the volume had emptied in response CCK (19, 20) . Nine of these gallstone patients had normal emptying of the gallbladder (group A, n = 9) and six had reduced emptying (group B, n = 6). The gallstone patients without reservoir function of the gallbladder (group C, n = 8) showed no opacification on oral cholecystography. Occlusion of the cystic duct (n = 5) or a shrunken gallbladder (n = 3) were confirmed by endoscopic retrograde cholangiography and/or subsequent cholecystectomy. Controls showed on ultrasound a sludge-free lumen, normal wall echoes, and normal emptying of the gallbladder in response to CCK.
Study protocol. The protocol had been approved by the Ethics Committee of the Hospitals of the University of Munich. All participants gave their written informed consent. The protocol (21 ) consisted (23) and average stool frequency. Bile acid kinetics. Pool sizes and turnover rates of CA, CDCA, and DCA were simultaneously determined from postprandial serum samples obtained before and for 4 d after oral intake of a single dose of marker bile acids (50 mg each) which were labeled with stable isotopes ('3C or 2H) (22) . In the first three participants (subjects 1 and 2 in group A and subject 1 in controls), only kinetics of CDCA and DCA were determined using '3C-labeled marker bile acids; their CA pool size was calculated as the product of the CDCA pool size times the CA/ CDCA molar ratio ofintraoperative gallbladder bile (24) . Marker bile acids (24-'3C-CA, 90%`3C; 24-'3C-CDCA, 91.9% '3C; 24-'3C-DCA, 91.5% '3C; 2,2,4,4-2H4-DCA, 99.4% 2H4) were purchased from Merck Sharp & Dohme, Montreal, Canada. Materials, sample preparation, and measurement of isotope ratios of individual bile acids using combined capillary gas-liquid chromatography-mass spectrometry-selected ion monitoring have previously been described (22) . From the isotopic enrichment R and the natural abundance R (before intake of label) of 13C or 2H4 of the respective bile acid, atom percent excess (APE) was calculated (22) :
The APE vs. time curve showed monoexponential first-order decay with excellent fit (r > 0.90). Pool size and synthesis rate were calculated:
Pool size = dose x b x 100/eadose (2) Synthesis rate = pool size x FTR
where a is the y-intercept and fractional turnover rate (FTR) the slope ofthe first-order decay curve ofAPE, and b the degree oflabeling ofthe marker bile acid. Hepatic synthesis rate of bile acids was calculated as the sum ofCA and CDCA synthesis rates and total bile acid pool size as the sum ofthe pools ofCA, CDCA, and DCA. (4) where APE, is the APE in the sample drawn at time t after intake of 50 mg of [ "3C]CA. The pool size ofDCA was estimated from the dose and the decay of [2H4]DCA. Gallbladder reservoir and emptying (Table II ). The fasting volume was calculated according to the sum of cylinders method ( 18) from sonographic images of the gallbladder in the maximum longitudinal and anterior-posterior diameters. The recordings (Sonolayer B, Toshiba Corp., Tokyo) were taken in triplicate on the morning after a 12-h fast. The average coefficient of variation for triplicate determination (n = 30) was 6.0%±3.9% (X±SD). Serial volumes (every 5 min) and the first-order rate constant of emptying were determined ( 18) during a subsequent intravenous infusion ofCCK (0.02 U kg-'min-'; Kabi-Vitrum, Stockholm) (20). The fasting volume of the gallbladder was 24.3±8.8 ml in gallstone patients with gallbladder reservoir (groups A and B) and 21.6±8.8 ml in controls (NS). The residual volume (10.6±7.9 vs. 2.3±1.6 ml; P < 0.01), even when corrected for stone volume (Table II ; P < 0.05), was larger in gallstone patients than in controls and the fraction of volume emptied (Fe) was diminished (66±27% vs. 89±6%; P < 0.02). The gallstone patients with reduced emptying ofthe gallbladder (group B) differed from gallstone patients with normal emptying (group A) with regard to the fraction ofgallbladder volume emptied (38±10% vs. 86±12%), residual volume (14.5±6.7 vs. 2.7±2.8 ml, corrected for stone volume; P < 0.01), and rate of emptying (0.020±0.007 vs. 0.069±0.035 min-'; P < 0.01 ) ( Fig. 1 ).
Analysis ofbile and gallstones. Duodenal bile was sampled through a thin Teflon duodenal tube between 8 and 10 a.m. after an overnight ( 12 h) fast. Bile was collected during the CCK infusion from 10 to 20 min and from 20 to 30 min, light-shielded on ice, and the darkest fraction sampled (3 ml). The samples were kept in chloroform/methanol (1:2 vol/vol; 0.5 ml of bile per 7.5 ml of solvent) at -20°C and analyzed for cholesterol (25) and lipid-soluble phosphorus (26) by colorimetric tests and for bile acids by gas-liquid chromatography (27) . Cholesterol saturation was calculated (28) assuming a total lipid concentration of 10 g/dl in undiluted bile (29) . Gallstones obtained at cholecystectomy were assessed for volume (by water displacement) and cholesterol content (21 ) . In seven patients gallstone volume (V) was calculated from sonographic estimates of the maximum diameter (d, = 2a) and the maximal perpendicular diameter (d2 = 2b) assuming a three-dimensional ellipsoid (V = 4/3 a b2) (Table II) .
Statistical analysis. Data are given as X±SD. The statistical significance of differences between controls and patient groups A-C was tested by one way ANOVA using the program Solo 101 of BMDP * Several stones with estimated total volume of 11 ml. § Occluded cystic duct of the gallbladder. Therefore the corrected fasting and residual volumes were arbitrarily set to zero.
Statistics Corp., Sepulveda, CA. Differences were confirmed by unpaired t test (for equal variance) or by Satterthwaite's t test (for unequal variance) at the level of P < 0.05 (30) . Associations between variables were searched with scatter plots and confirmed by linear regression analysis (31) .
Results
Bile acid pools (Table III) . The total group of gallstone patients had a slightly smaller (-26%; P < 0.01) total bile acid pool (52.4±14.9 mol kg-'; n = 23) than controls (70.7±20.5 mol kg-'; n = 15), reduced pools ofCA (-42%, P < 0.01 ) and
CDCA (-29%, P < 0.02) and a normal pool of DCA (+8%). The pools of CA, CDCA, and DCA turned over at higher fractional rates (+46%, P = 0.07; +46%, +39%, P < 0.02). Sub- Patients with defective emptying of the gallbladder (group B) had normal-sized pools of total bile acids, CA, and DCA. The CDCA pool was reduced by 23%, but this was not statistically significant. The fractional turnover rates of CA, CDCA, and DCA were normal. (c) The patients without gallbladder reservoir (group C), however, had an expanded DCA pool (+45%, P = 0.07) combined with reduced pools of CA (-71%, P < 0.001 ) and CDCA (-37%, P < 0.05). Their fractional turnover rates of CA (+97%, P < 0.05) and CDCA (+83%, P < 0.01 vs. control) were enhanced (Table III) .
Hepatic synthesis of bile acids was determined in 16 gallstone patients and 13 controls. Gallstone patients and controls had a normal rate of hepatic synthesis of bile acids ( 15.6±4.6 vs. 16.1±8.5 mol kg-l d'-l), both of CA and CDCA (Table III, groups A-C vs. controls). In one control (subject 10) and five gallstone patients (subject 9 in group A and subjects 16, 18, 20, and 22 in group C), CA synthesis was not measurable, in that the ['3C]CA marker was converted to ['3C]DCA within 24 h (see below). The input rate of DCA in these subjects (9.4±3.2 mol kg-' d-') was comparable to the synthesis rate of the precursor CA in controls (10.2±5.6 mol kg-' d-'); the sum of their CDCA synthesis and DCA input rates (19.3±3.7 mol kg-' d-1; n = 5) matched (+20%, NS) hepatic synthesis rate of bile acids in controls.
Input ofDCA was 38% higher in the total group ofgallstone patients (5.8±3.1 ,umol kg-ld-') than in controls (4.2±3.0 ,umol kg'-d-'), but this difference did not reach statistical significance. Only subgroup C showed a significant twofold increase of DCA input (P < 0.01 vs. controls and group A&B). Except for one woman (subject 17), all in group C had the same disorder of bile acid kinetics characterized by enhanced Disorders ofBile Acid Metabolism in Cholesterol Gallstone Disease 863 transfer of CA to the DCA pool. This could be directly demonstrated by measurement of the 13C label in the DCA pool ( Linear correlations with bile acid kinetics. The hepatic synthesis rates of CA and CDCA were directly correlated (r = 0.608, P < 0.001). Input of DCA increased with the synthesis rate of its precursor CA (r = 0.51 1, P < 0.01 ) and with the fractional transfer of CA to the DCA pool (r = 0.664, P < 0.001 ). The size of the CDCA pool was mainly related to CDCA synthesis rate (r = 0.559, P < 0.005) and gallbladder fasting volume (r = 0.489, P < 0.01). The size of the CA pool correlated poorly with CA synthesis rate (r = +0.34; P = 0.07) and inversely with the fractional transfer of CA to the DCA pool (r = -0.38; P = 0.03). The size of the DCA pool correlated (r = 0.80; P < 0.001 ) with the input rate of DCA. Neither pool size nor input rate of DCA were related to age. The fraction of DCA in the total bile acid pool was correlated with the fraction of DCA (r = 0.71; P < 0.001) and the cholesterol saturation index (r = 0.42; P = 0.01 ) of CCK-stimulated bile, and with the total volume ofthe gallstones (r = 0.53; P < 0.01 ). Composition ofbiliary lipids (Table IV) . CCK-stimulated duodenal bile was supersaturated (29) in all gallstone patients (P < 0.01 vs. controls) and in 4 of 15 controls (subjects 4, 10, 12, and 15), who either had a very small bile acid pool (subject 15) or a large DCA pool (subjects 4, 10, and 12). Gallstone patients showed an increased cholesterol/phospholipid ratio (+41%, +58%, +54% in groups A, B, and C; P < 0.01 vs. controls), but only group C showed increased ratios of phospholipids/bile acids (+41%; P < 0.02). The degree of cholesterol saturation was directly correlated with the fraction of DCA in biliary bile acids (r = 0.552; P = 0.001) ( Fig. 4 ).
Discussion
This study substantiates the concept that the reduction of bile acid pool size in patients with cholesterol gallstones is caused by an increased turnover ofthe bile acid pools, not by a reduction of bile acid synthesis. The major new finding is a disorder of CA-DCA metabolism observed in a subgroup of gallstone patients, whose disease had progressed to loss of the reservoir function of the gallbladder.
Reduction of the bile acid pool is a common finding in non-obese cholesterol gallstone patients ( 1, 2, (4) (5) (6) , which has been explained by reduced synthesis of bile acids ( 12) or enhanced enterohepatic cycling of the bile acid pool (3, 5, 9) . Only in a group ofItalian gallstone patients the reduction ofthe CA pool was caused by a combination ofreduced synthesis and enhanced turnover (32) . In our study and in studies of American whites (1, 3, 4) and American Indians (33) gallstone patients had normal hepatic synthesis of bile acids. Also Swedish gallstone patients had bile acid synthesis not significantly decreased (5) . Contrary to the hypothesis on feedback inhibition of bile acid synthesis by DCA ( 13, 14) , even the patients of group C with twofold increased input of DCA had normal bile acid synthesis. This strongly suggests that hepatic synthesis of bile acids is not deranged in gallstone disease. The reduction of the bile acid pool in gallstone disease is explained by increased fractional turnover ofthe bile acid pools ( 1, 2, (4) (5) (6) 33) (Table  III , groups A and C). The increased turnover of the bile acid pools in gallstone patients, as observed in groups A and C (Table III) , is thought to result from increased enterohepatic cycling of bile acids (3, 9, 12) . This could be caused by enhanced emptying of the gallbladder, or by hastened transit (34) or decreased fractional absorption of bile acids in the small intestine. Emptying of the gallbladder is normal or reduced, but not enhanced, in gallstone patients (35, 36) ; reduced emptying ofthe gallbladder is associated with slower fractional turnover and larger pool size of bile acids in healthy subjects (34) as well as in gallstone patients (37) (Fig. 2, group B ). Hastening the small intestinal transit enhances the turnover and reduces the size of the bile acid pool in healthy subjects to the extent seen in gallstone patients (34) . We did not determine small intestinal transit time. However, mouth to cecum transit time had not been shortened in similar gallstone patients with functioning gallbladder (38) . Alternatively, the increase (+54%) in fractional turnover and the reduction (-44%) of the CA pool in the gallstone patients of group A could be caused by a reduction in fractional absorption of CA by only 5% (from 95.4% [3] to 90.5%), provided the pool cycles at a normal rate of seven times per day (9) . Such a small decrease in absorption of CA and CDCA cannot be excluded by the available studies (3, 12) .
Thus, the cause for the enhanced bile acid turnover is still unknown in gallstone disease.
Expansion of the DCA pool was related to increased input of DCA (r = 0.80; P < 0.001). DCA was conserved in the enterohepatic circulation as efficiently as CDCA judged from similar fractional turnover rates. In this study, high input of DCA was not caused by old age or constipation, two factors reported to increase input of DCA (17, 39) . Highly significant direct associations suggested that the input rate of DCA depended on the synthesis rate of its precursor CA and even more on the fractional transfer of CA to the DCA pool. This fractional transfer, which is usually less than 40% in healthy subjects ( 17), ranged up to 100%.
Simultaneous turnover studies of CA and DCA revealed a disorder of CA-DCA metabolism in a subgroup of gallstone patients. This disorder can be described as an increased DCA input (> 7 ,umol kg-'d-') or transfer (> 75%) of CA to DCA.
It is associated with a reduced pool of CA and an expanded DCA pool (DCA/CA pool ratio > 1.5) (Fig. 2, group C) . Between 35% and 80% ofthe '3C label given as [ 3C] CA by mouth appeared within 24 h as ['3C] DCA in the bile acid pool, whereas this transfer was < 25% in controls (Fig. 3) . The accelerated and increased transfer of'3C label implies faster degradation ofCA to DCA as well as increased absorption ofthat DCA.
Which mechanism is responsible for the enhanced transfer of CA to DCA? In theory, two factors should be considered: accelerated loss of CA into the colon, where it is almost completely (> 95%) degraded to DCA (15) , and increased bacterial conversion ofCA to DCA in the small intestine. Both could be operative in patients without gallbladder reservoir (group C), because loss of the gallbladder reservoir (a) enhances daily enterohepatic cycling (40) and loss of CA into the colon and (b) prolongs the time of daily exposure of CA to bacteria in the small intestine (41 ) . Cholecystectomy, however, led only to a moderate increase (from 46% to 66%) of the fraction of CA transferred to the DCA pool (21 ) . On the other hand, the disorder occurred also in two of the women with normal gallbladder reservoir and emptying (subject 9 in group A and subject 10 in controls). Therefore, we speculate that other mechanisms in addition to loss of the gallbladder reservoir are involved. If ileal absorption of CA were impaired, rapid loss of CA into the colon would reduce the pool of CA and accelerate the conversion of CA to DCA and the input of that DCA. An alternative mechanism would be colonization of the distal small bowel with 7a-dehydroxylating anaerobic bacteria. CA could then be more rapidly converted to DCA and that DCA could be well absorbed via the ileal bile acid transport system (42) .
In patients with type III pattern of the bile acid pools the molar ratios of DCA/CA in fasting bile exceeded 1.0 (data not shown). Such high ratios have been reported for gallstone patients with nonvisualizing gallbladder in one (5) but not another study (43) , for cholecystectomized gallstone patients in some (41, 44) but not other studies (21, 45) , and for some conditions with a high risk of gallstone formation such as partial resection of the ileum (46) or hyperlipidemia type Ilb or IV (47) .
This study showed reasonable positive correlations between the fraction of DCA in the total bile acid pool and the DCA fraction (r = 0.65; P < 0.005) and cholesterol saturation index (r = 0.44; P < 0.05) of CCK-stimulated duodenal bile. The degree of cholesterol saturation of bile was also correlated with the fraction of DCA in biliary bile acids (Fig. 4) . These associations support the concept that an expansion of the DCA fraction in the bile acid pool contributes to supersaturation of bile in gallstone disease.
Interestingly, the study revealed that bile was supersaturated in gallstone disease also in presence of a normal sized bile acid pool in subgroup B. In this group of patients, the reduced emptying of the gallbladder may have decreased the cycling of the pools and the secretion rate of bile acids. Low hepatic output of bile acids could increase cholesterol saturation by raising the secretory ratio of cholesterol to phospholipids (48) .
Generally, loss ofthe gallbladder reservoir enhances enterohepatic cycling of bile acids (40) and lowers cholesterol saturation of bile (4, 21, 43) . Nevertheless, the patients in group C had supersaturated bile in spite of loss of the gallbladder reservoir, presumably because other factors had raised cholesterol content of bile. We speculate that supersaturation of bile in group C may have been caused by DCA-induced hypersecretion of cholesterol ( 10), in that these patients had a high fraction of DCA which exceeded the CA fraction in bile.
In summary, two different disturbances ofbile acid metabolism, which are likely to contribute to supersaturation of bile with cholesterol, were observed in cholesterol disease: (a) reduction of the bile acid pool and (b) enhanced conversion of CA to DCA with replacement of the CA pool by an expanded DCA pool. The first disorder may be caused by more rapid loss of primary bile acids from the small intestine into the colon, the second disturbance may result from enhanced 7a-dehydroxylation of CA (possibly in the ileum) and increased absorption of newly formed DCA.
